A gronomy J our n al • Volume 10 0 , I s sue 4 • 2 0 0 8 1039 P lant response to organic amendment oft en varies according to the source, quantity applied, frequency of application, crop management, and growing season. Organic amendment can positively impact crop response by increasing soil organic matter (SOM) and by adding a source of nutrients for crop production. Singer and Heckman (2003) reported higher no-till soybean yield on land that had received dairy (Bos taurus) manure during the previous four growing seasons compared with land that received no manure, but these differences decreased during subsequent soybean growing seasons as the time from the last manure application increased. Furthermore, soybean yield diff erences on manured land were more pronounced compared with nonmanured land during a dry year. Results from this study also found that soil C was about 22% higher in a manure treatment compared with the control, which indicates that soil C content may have increased soil water holding capacity.
P lant response to organic amendment oft en varies according to the source, quantity applied, frequency of application, crop management, and growing season. Organic amendment can positively impact crop response by increasing soil organic matter (SOM) and by adding a source of nutrients for crop production. Singer and Heckman (2003) reported higher no-till soybean yield on land that had received dairy (Bos taurus) manure during the previous four growing seasons compared with land that received no manure, but these differences decreased during subsequent soybean growing seasons as the time from the last manure application increased. Furthermore, soybean yield diff erences on manured land were more pronounced compared with nonmanured land during a dry year. Results from this study also found that soil C was about 22% higher in a manure treatment compared with the control, which indicates that soil C content may have increased soil water holding capacity. McAndrews et al. (2006) reported 6 to 13% higher soybean yield using chisel tillage following residual swine (Sus scrofa L.) manure or compost application to corn in a corn-soybean rotation on land that had only received one amendment application in the previous 8 yr compared with a nonamended control. Th ey found that soybean yield response to amendment was independent of the timing (fall or spring) and form (fresh vs. composted). Th ey also reported no diff erences in soybean shoot N concentration among all treatments at the R5 growth stage in either year of the 2 yr study. Th e amendment rate before corn supplied 340 kg total N ha -1 . Schmitt et al. (2001) reported 9% higher shoot N uptake at the R6 growth stage in soybean produced on land where swine manure was injected preplant compared with a nonmanured control. Th ey also reported greater N uptake at the R6 growth stage for the high compared with the low manure treatment, but this diff erence in N uptake did not aff ect shoot DM at the same growth stage between manure treatments. Both manure treatments had greater shoot DM compared with the control.
Most of the published literature on soybean growth and seed yield response to organic amendments was conducted on land with none or short-term histories of amendment under one tillage system. Complexities and causation of potential interactions among tillage intensities and organic amendments are unknown. Singer et al. (2004) reported a tillage by amendment interaction in Iowa for soybean yield using NT, CT, and MP with or without swine compost amendment in 2 of 4 yr. In the last year of the study, SOM was 11% higher in the compost compared with the no-compost plots. It was unclear what factors contributed to the periodic interaction that was detected. Consequently, a more detailed examination of the potential factors that contributed to the tillage by amendment interaction was initiated in 2003 on the same plots.
Because compost is a source of C and nutrients, it was hypothesized that greater SOM content in the compost plots may increase soil water content and nutrient uptake. Furthermore, applying amendments to the soil surface in NT and incorporating them in CT and MP could alter the timing of and total nutrient uptake patterns. Th e objectives of this research were to determine if soybean shoot growth, nutrient uptake, and soil water use could explain whole-plant and seed yield responses to tillage and compost amendment. Field research was conducted at the Iowa State University  Agronomy and Agricultural Engineering Research Farm near  Ames, IA (42°01´ N, 93°45´ W, 341 m asl) from 2003 to 2005  on Canisteo silty clay loam (fi ne-loamy, mixed, superactive, calcareous, mesic Typic Endoaquolls) and Clarion loam (fi neloamy, mixed, superactive, mesic Typic Hapludolls) soils. Th e experimental site was in continuous corn production from 1987 to 1996, with tillage main plots consisting of MP, CT, and NT since 1988. In 1997 the entire site was planted to soybean. In 1998, a corn-soybean-wheat/clover rotation was initiated with all phases represented each year in each tillage system. Additional information about the management practices from 1998 through 2002 can be obtained in Singer et al. (2004) .
MATERIALS AND METHODS
Th e experimental design was a randomized complete block in a split-plot treatment arrangement with four replicates. Tillage main plots, 22.9 m wide by 26.1 m long, were fall MP, fall CT, and NT. Moldboard plow depth was approximately 20 cm. Chisel plow depth was approximately 25 cm using twisted shanks. Spring secondary tillage operations included an early spring disking and a preplant fi eld cultivation in MP and CT systems. A no-tillage planter was used with Metolachlor (2-chloro-N-(2-ethyl-6-methylphenyl)-N-(2-methoxy-1-methylphenyl)acetamide) was applied preemergence to all plots each year at 2.24 kg a.i ha -1 , glyphosate [N-(phosphonomethyl) glycine] was applied to NT plots preemergence each year at 0.7 kg a.i. ha -1 and to all plots postemergence each year at 0.7 kg a.i. ha -1 for weed control. Subplots, 7.6 m wide by 13.1 m long, consisted of the fall application of compost or no compost. Th e compost application rate during the fi rst crop rotation cycle (1998) (1999) (2000) was set at 8000 kg C ha -1 per application, reduced to 4000 kg C ha -1 during the second cycle (2001) (2002) (2003) , and changed to a P removal basis commencing in 2004. Compost was applied aft er corn and wheat/clover in 2002 and 2003 and only aft er wheat/clover in 2004. Th e P removal rate was based on the P removal of corn, soybean, and wheat during the 3-yr rotation (35, 22, and 16 kg P ha -1 , respectively). Compost rates were 15.7, 15.2, and 13. In 2002, compost application added 172, 49, and 207 kg ha −1 of N, P, and K, 241, 120, and 216 kg ha -1 of N, P, and K in 2003, and 220, 75 , and 219 kg ha -1 of N, P, and K in 2004. Compost total C and N were determined aft er acidifi cation with 0.5 M HCl (1:2 sample to solution ratio), air drying, grinding, and dry combustion in a Carlo-Erba NA1500 NCS elemental analyzer (Haake Buchler Instruments, Paterson, NJ). Compost samples from 2004 were acidifi ed with 0.44 M tartaric acid instead of HCl. Total P and K were determined on dried, ground samples (0.85-mm screen) aft er digestion with 10 mL DI water, 5 mL HNO 3 , and 1 mL HCl. Potassium was analyzed using atomic absorption in emission mode, while P was determined colorimetrically using ascorbic acid/ammonium molybdate. Eight soil cores to a depth of 18 cm were collected in the spring of 2003 in each subplot to monitor changes in P and K concentrations. Potassium was surface applied to all no compost plots in April of 2004 at a rate of 101 kg ha -1 based on soil test results. All no compost plots had optimal or higher levels of P throughout the study period and only required one application of K. Consequently, we assume these elements were not limiting in the no amendment treatment and did not confound amendment treatment response.
Carbon dioxide exchange rate (CER) and stomatal conductance (g) were measured in 2003 and 2004 using a portable open path IRGA (LI-6400, LI-COR, Inc., Lincoln, NE) using the terminal trifoliolate leaf two nodes below the uppermost node. Th e adaxial surface of three leaves in each subplot were measured on each sampling date between 12 and 14 h. Th e instrument was set at a fl ow rate of 500 mol s -1 , leaf boundarylayer conductance of 2.84 mol m -2 s -1 , and ambient CO 2 concentration of 400 μmol mol -1 . Photosynthetically active radiation (PAR) exceeded 1200 μmol m -2 s -1 during all measurements. In 2003 and 2004, 19 and 13 measurements were made starting 38 and 54 d aft er planting (DAP) and ending 111 and 121 DAP.
Stainless steel neutron probe access tubes were installed in each subplot in the row to a 2.5 m depth, although water contents deeper than 1.5 m were not used for this study because of high water tables. Th e access tubes were 50 mm diam. and installed with a hydraulic auger. Bentonite was fi lled in around the top 0.2 m to prevent water fl ow down the side of the tube. Neutron probe measurements were usually made weekly during the growing season. Soil water content was determined every 20 cm starting at 30 cm. A volumetric soil sampler (Pikul and Allmaras, 1986) was used to collect gravimetric samples and bulk density for each 10 cm increment to 30 cm. When the access tubes were installed in 2004, the extracted soil was saved for determining gravimetric water content at each depth the neutron probe was read. Because the access tubes were installed over a few weeks, a range of water contents enabled calibration of the neutron probe. Th e calibration for all sites and depths was
where θ is water content, and ratio is neutron probe count divided by background count. For analysis, soil water content was cumulated to 90 cm depth for each measurement date. Shoot dry matter was collected in 2003 and 2004 from a 0.76 m 2 area in each subplot around V5, R2, R4, R6, and R8 (Ritchie et al., 1994) . Seed was separated from pods at the R8 sampling date to determine pod density, seed number, and mass. All shoot DM was dried in a forced-air oven at 70°C to a constant weight. Th ree interior rows were harvested with a plot combine for grain yield and adjusted to a moisture content of 130 g kg -1 . Seed from the R8 sample and DM from the fi rst four sampling dates were ground to pass through a 1-mm screen and analyzed for total N, P, and K. Total N was measured using fl ash combustion and a thermal conductivity detector on a GC column. Total P and K were analyzed using an ICP-OES aft er microwave digestion with 10 mL HNO 3 and dilution to 100 mL using DI water.
Whole plant N, P, and K uptake was calculated for each growth period as the product of whole plant N, P, and K concentration and whole plant DM. A similar calculation was used to determine seed P and K uptake using the R8 sample seed mass. Oil and protein concentrations were determined in whole seed samples by near-infrared spectroscopy at the Iowa State University Grain Quality Laboratory following the standard method (AACC, 1999) and local calibrations in an Infratec 1225 Seed Analyzer (Foss North America, 7682 Executive Drive, Eden Prairie, MN 55344). Daily rainfall and air temperature were recorded at a weather station about 1.5 km from the experimental site and presented by month for each growing season (Table 1) .
Statistical methods for the repeated measures CER and g data follow procedures in Davidian and Giltinan (1995) . Th e time response of measurements associated with each individual subplot unit are modeled using the same function for every subplot in a given year. In 2003, a two-phase regression model was selected for the g data:
Th e time, x, in all the repeated measure models for this study is in days past the date of the fi rst observation. Th e fi rst interval has an increasing linear function (a 0 + a 1 x) with a single sinusoidal oscillation [a 3 sin((2π/a 0 )(x -1))] over the entire rising phase. Th e a 0 coeffi cient is the length of this period, a 1 is the intercept or initial level, and a 2 is the slope or overall rate of increase during the rising phase. Th e a 3 coeffi cient is the sine wave amplitude of the apparent oscillation in the rising period. Th e second interval is a linear decreasing function [a 4 (x -a 0 )] for the entire falling phase. Th e coeffi cient a 4 is the rate of the decline. In 2004, the selected g model was autoregressive:
Th e linear terms, a 0 + a 1 x, tracks the decline over the entire measurement period. Th e sinusoidal term, a 4 sin[(2π/a 3 )(xa 2 )], tracks the short term slow rise and fall of the time series. Both of these terms are analogous to those in the fi rst phase of the 2003 conductance model. Here, however, the sine wave includes a fi tted phase angle, a 2 . Diagnostics on the model indicated considerable autocorrelation in the residuals; hence, an autoregressive term, a 5 ry 1 , was included to properly adjust the model estimates and related statistics.
Th e 2003 CER data also fi t a two-phase regression model:
Th e fi rst interval is an increasing linear function (a 0 + a 1 x) representing a rising phase. Th e declining phase is a simple quadratic function. While a slight oscillatory behavior was present that could be modeled as autocorrelation or a sine wave, including this shape with the explicit terms resulted in insignifi cant parameter coeffi cients (P > 0.15). Th e 2004 CER data were modeled as follows:
Th e inverse term, a 1 /(x max -x), tracks the slow decline over the entire measurement period. Here x max is determined from the fi nal observation date. Th e sinusoidal term, a 4 sin[(2π/a 3 )(x -a 2 )], tracks the short term slow rise and fall behavior in the time series.
Other response variables were analyzed using fi xed eff ects analysis of variance with a terrain covariate (mean spatial elevation or slope). Year, tillage, and amendment were considered fi xed eff ects and block and block interactions were considered random eff ects. Most data sets exhibited year interactions and therefore were analyzed within a year, except for seed yield, which was examined within a year and the mean of 3 yr. Routine residual diagnostics were examined to determine if the error assumptions were reasonably met. Least squares means (with probability of diff erences) were estimated for each factor and their interactions. All analyses were conducted using SAS (SAS Institute, 2002) . Results were considered signifi cant if P was ≤0.1.
RESULTS AND DISCUSSION Dry Matter and Nutrient Uptake
At the fi rst whole-plant sampling in 2003 at 51 DAP, tillage (P = 0.012) and amendment (P = 0.040) aff ected shoot DM (Fig. 1) . Soybean DM in MP and CT was similar (1273 kg ha -1 ) and was 48% higher than soybean DM growing in NT. Soybean growing on composted soil had 18% greater shoot DM compared with soybean on noncomposted soil. At 65 DAP, only an amendment eff ect (P = 0.098) was detected. Soybean DM growing on compostamended soil was 14% greater than on nonamended soil. No other DM diff erences were detected for the remainder of 2003 among tillage systems or between amendment treatments. Furthermore, in 2004, no compost amendment eff ect was detected for the entire sampling period. A tillage eff ect was detected at 84 (P = 0.055) and 105 (0.039) DAP in 2004. At 84 DAP, NT had 22 and 14% greater DM than MP and CT and 18 and 13% greater DM at 105 DAP. 
Shoot DM diff erences did not consistently result in similar N uptake diff erences. At 51 DAP in 2003, compost amendment (P = 0.027) increased N uptake 23% compared with the nonamended treatment, but no other diff erences for N uptake were detected in 2003 (Fig. 1) . In 2004, the tillage diff erence for DM at 84 DAP also increased N uptake in NT by 23 and 17% compared with MP and CT, which had similar N uptake, but N uptake at 105 DAP among tillage systems was similar. Compost amendment increased N uptake at 105 DAP by 14% compared with the no compost treatment, in spite of a nonsignifi cant diff erence (P = 0.156) of 10% in shoot DM at the same sampling time.
In 2003, aside from a signifi cant interaction at 51 DAP for P uptake and a signifi cant tillage eff ect for K uptake, a consistent amendment eff ect was detected for both P and K uptake for the remainder of the whole-plant sampling (Fig. 2) . Soybean growing on compost-amended soil had 14 and 31% greater P (P = 0.098) and K (P = 0.002) uptake at 102 DAP in 2003. In 2004, a more consistent tillage eff ect was also detected in addition to an amendment eff ect. Similar to 2003, a tillage by amendment interaction was only detected at the fi rst wholeplant sampling at 51 DAP in 2004 for P uptake. Sampling at 63, 84, and 105 DAP revealed a tillage and amendment main eff ect. Soybean P uptake was 28 and 21% higher in NT compared with MP and CT, which had similar uptake at 63 DAP (P = 0.538). At 84 DAP, NT had 35 and 19% greater P uptake than MP and CT, which were similar (P = 0.113). At 105 DAP, P uptake in NT was 31 and 17% greater than MP and CT, which were similar (P = 0.133).
Unlike P uptake, soybean K uptake exhibited a more pronounced tillage by amendment interaction. At 105 DAP, no diff erence was detected between MP with and without compost amendment (121 vs. 113 kg ha -1 ), while CT (171 vs. 111 kg ha -1 ) and NT (209 vs. 116 kg ha -1 ) both had greater uptake on compost-amended soil. Th e amendment eff ect that was detected at 102 DAP in 2003 for P and K uptake was not detected for seed P (P = 0.181) and K uptake (P = 0.222)( Table 2 ). In 2004, the tillage and amendment eff ect observed at 105 DAP was detected in seed P and K uptake. Soybean P and K uptake were 18 and 16% greater in NT compared with MP and CT, which had similar P and K seed uptake. Soybean growing on compost-amended soil had 16 and 13% greater P and K uptake than nonamended soil.
Carbon Dioxide Exchange Rate
and Stomatal Conductance In 2003, CER was similar among tillage systems (22.6 μmol m -2 s -1 ) and between amendment treatments (22.6 μmol m -2 s -1 ) at the beginning of the measurement period 38 DAP (Table 3) . No diff erences were detected for the other modeled parameters in 2003 for CER. A tillage by amendment interaction for g was detected for the intercept (38 DAP) and rising slope period. At 38 DAP, soybean g was higher in non-amended CT (0.66 mol m −2 s −1 ) compared with NT (0.49 mol m -2 s -1 ), but similar between MP (0.64 mol m -2 s -1 ) and CT. In amended soil, MP (0.71 mol m -2 s -1 ) had higher g than CT (0.52 mol m -2 s -1 ), but similar g to NT (0.56 mol m -2 s -1 ). As the growing season progressed, diff erences in g, described by the rising slope period (a 2 ), were apparent in MP (0.018 no compost vs. 0.011 compost), but not in CT (0.016 vs. 0.020) or NT (0.023 vs. 0.020). In 2004, gas exchange measurements identifi ed a signifi cant tillage eff ect for the intercept for CER and amendment eff ect for the g intercept (Table 4) . Th e intercept parameter, which was 54 DAP, was 4% higher in NT compared with MP and CT, which were similar. Compost amended soil had 5% higher g than nonamended soil at 54 DAP in 2004. Diff erences in soil water use between years from the gas exchange data indicated that the plant response grossly followed the soil drying trends. In 2003, the slope of the declining period for g was -0.03 compared with -0.006 in 2004 under more favorable soil water conditions. Additionally, the duration of the rising period for g in 2003 was 75 d compared with an entire period length of 97 d in 2004. Th e leaf gas exchange data clearly indicate that total rainfall and the rainfall distribution during the 2004 growing season increased yield potential and minimized plant water stress. (Fig. 4) . Surface soil water content was numerically higher for CT and NT during other measurements, but these were not significant.
Soil Water
Although adding organic amendments to soil increases its water holding capacity, Hudson (1994) demonstrated that the greatest increase in available water capacity would occur in soils with lower SOM. Consequently, even though SOM was higher (18 cm soil depth) in composted plots (65 g kg -1 ) in the spring of 2002 (Singer et al., 2004) than noncomposted plots (56 g kg -1 ) and NT had higher SOM than MP and CT, these diff erences were not consistently detectable for soil water content the following year. According to Hudson's equation for estimating available water capacity for a silt loam soil, compost amendment would have increased the available water capacity by 10% compared with no compost amendment. In 2003, compost increased shoot DM at the fi rst two sampling dates, but only 38 mm of rainfall from 71 to 112 DAP caused a rapid depletion of stored soil water that probably exceeded a detectable increase in available water content the compost amendment would have contributed.
On 92 DAP, 5 mm of rainfall may have caused the signifi cant fi nding in CT with compost to have higher soil water content than without compost. In CT, amendment C probably remains near the soil surface, increasing the capacity to store more water, unlike MP, where the C is diluted with a large soil volume aft er inversion. In NT, it is unclear why diff erences were not detected in the surface 10 cm between compost-amended and nonamended soil. Surface energy transfer may contribute to the lack of diff erences in NT in the surface soil layer. Sauer et al. (2007) reported that soil water evaporation accounted for 8 to 12% of evapotranspiration under a full soybean canopy in 0.38 m row spacing. In the current study, the row spacing was 0.76 m, which may have accelerated soil drying aft er rainfall events because of greater radiation transmission to the soil surface.
Seed Yield
No tillage by amendment interaction for seed yield was detected (Table 5) . Yield response to tillage was consistent for MP and CT, which yielded the same in each of the 3 yr. Seed yield in 2003 was similar among all tillage systems, but NT yielded 15% greater than MP and CT in 2004 and 8% lower than MP and CT in 2005. Mean yield across the 3 yr was similar for all tillage systems. An amendment eff ect was detected in 2004, when compost-amended soil increased yield 9% compared with nonamended soil. Mean amendment yield was 2% higher across these three study years. Plant density data were collected at harvest in 2003 and 2004 and were not signifi cant for any main or interaction eff ect (data not presented).
Th ese yield results for tillage eff ects are consistent with Webber et al. (1987) from Missouri, Yusuf et al. (1999) from Illinois, and Singer et al. (2004) from Iowa. No-till soybean yielded lower, the same, and higher than MP systems depending on the year. Years with lower yield potential favored NT. Consequently, inferences comparing soybean yield across tillage intensities should be based on data from years with varying yield potential. Yusuf et al. (1999) reported that soybean in NT exhibits compensatory reproductive growth that minimizes yield diff erences between MP and NT systems. Th e 2003 data support that conclusion. Shoot DM was 32% higher in CT at the 102 DAP sampling period compared with NT, but fi nal yield was only 4% lower in NT than CT. Neither the shoot DM or yield fi ndings were signifi cant, but the statement that compensatory growth occurred in NT is reasonable.
Yield Components
In 2003, seed mass, pod density, and seed pod -1 were similar across tillage and averaged 11.4 g 100 seed -1 , 1201 pods m -2 , and 2.08 seed pod -1 (Table 6 ). Th ese nonsignifi cant fi ndings are consistent with the nonsignifi cant yield diff erence among tillage systems. Similarly, no diff erences in these components were detected between amendment treatments. In 2004, higher seed mass in NT compared with MP and CT supports the fi nding of greater yield in NT compared with MP and CT (Table 7) . Additionally, greater seed pod -1 in compost-amended soil compared with nonamended soil supports the greater yield fi nding in compost-amended vs. nonamended soil.
Amendment consistently aff ected seed protein and oil content, although a tillage by amendment interaction was detected for seed protein in 2003 (Table 6 ). In 2003, MP in compost-amended soil had lower seed protein content (353 g kg -1 ) than MP in nonamended soil (360 g kg -1 ), while CT (360 g kg -1 ) and NT (357 g kg -1 ) with or without compost amendment had similar seed protein content. In 2004, soybean seed growing on compost-amended soil had 2% lower seed protein content compared with soybean seed produced on nonamended soil (Table 7) . Alternatively, seed oil content was 2 and 1% lower in nonamended soil than amended soil in 2003 and 2004 . Th e lack of a signifi cant tillage eff ect for seed oil and protein content is consistent with Yusuf et al. (1999) who compared MP and NT.
CONCLUSIONS
Soybean seed yield response to tillage system and compost amendment did not exhibit interactions during the study period.
Within a year, tillage had a greater infl uence on soybean seed yield than compost amendment, although averaged across years, no eff ect of tillage was observed, while a small amendment eff ect was detected. Th ese fi ndings indicate that there is no yield penalty for growing soybean in NT systems. Furthermore, compost amendment at similar rates to those used in this study will probably increase shoot P and K uptake and seed oil content and likely seed P and K uptake. Th e mechanisms responsible for compost-enhanced plant growth are diffi cult to measure in the fi eld under natural conditions because the threshold for detecting small diff erences between treatments is short-lived or the growing conditions are too extreme, which masks possible eff ects.
